Ni-Ti Shape Memory Alloys (SMAs) have attracted considerable attention as biomaterials for medical devices. However, the biocompatibility of Ni-Ti SMAs is often unsatisfactory due to their poor surface structure. Here we prepared Rapidly Solidifi ed (RS) Ni-Ti SMA ribbons by melt-spinning and their surface was characterised by Augerelectron spectroscopy, X-ray photoelectron spectrometry and scanning electron microscopy. The biocompatibility of the produced ribbons and their immunomodulatory properties were studied on human monocyte-derived dendritic cells (MoDCs). We showed that melt-spinning of Ni-Ti SMAs can form a thin homogenous oxide layer, which improves their corrosion resistance and subsequent toxicity to MoDCs. Ni-Ti RS ribbons stimulated the maturation of MoDCs, as detected by changes in the cells' morphology and increased expression of HLA-DR, CD86, CD40 and CD83 molecules. However, Ni-Ti RS ribbons enhanced the tolerogenic properties of immature MoDCs, which produced higher levels of IL-10 and IL-27, driving the differentiation of IL-10-and TGF-β-producing CD4 + T cells. On the other hand, in the presence of lipopolysaccharide, an important pro-infl ammatory biomolecule, Ni-Ti RS ribbons enhanced the allostimulatory and Th1 polarising capacity of MoDCs, whereas the production of Th2 and Th17 cytokines was down-regulated. In conclusion, NiTi RS ribbons possess substantial immunomodulatory properties on MoDCs. These fi ndings might be clinically relevant, because implanted Ni-Ti SMA devices can induce both desired and adverse effects on the immune system, depending on the microenvironmental stimuli.
Introduction
From their discovery in 1965 (Buehler and Wang, 1968) to the present day, the exciting properties of Shape Memory Alloys (SMAs) have preoccupied the interest of many investigators trying to understand, apply or improve these extraordinary "smart materials". The most frequently manufactured Ni-Ti SMAs are able to sense the changes in thermal and mechanical stimuli and respond through a complex thermoelastic reversible phase (martensite-austenite) transformation. This results in the remarkable properties of SMAs, such as shape memory effects and super elasticity. Ni-Ti SMAs also possess excellent fatigue resistance and a high damping capacity. These properties makes Ni-Ti SMAs an attractive tool for various types of biomedical devices (stents, actuators, fi lters, shape memory staples, inter-body fusion devices, endoprostheses etc.) (Hoh et al., 2009) .
Because of the high Ni content (50.8 at% in devices transformable at physiological temperatures) enthusiasm for the use of Ni-Ti based SMAs in biomedical engineering has been tempered by concern regarding its biocompatibility (Shabalovskaya, 2002) . In contrast to pure Ni, which is known to induce carcinogenicity and toxicity of a wide spectra of living tissues (Das et al., 2008) , Ni-Ti SMAs demonstrated rather good biocompatibility (Shabalovskaya, 2002) . This is because Ti is more readily oxidised than Ni, so the biologically inert Ti-oxide layer and extracellularderived calcium-phosphate layer on the Ni-Ti surface prevent the release of Ni (Es-Souni and Fischer-Brandies, 2005) . However, since Ti-oxide is a very brittle ceramic, it can be damaged during dynamic mechanical loading (Peitsch et al., 2007) or under infl ammatory conditions (Messer et al., 2009) , leading inevitably to the initiation of corrosion and increased release of Ni ions, causing local or systematic adverse health effects (Das et al., 2008) . This could lead to necrotic and apoptotic changes of the tissue surrounding the implant (Bogdanski et al., 2004) , increased expression of infl ammatory mediators such as tumour necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6) and reduced proliferation of cells near the implant (Es-Souni and Fischer-Brandies, 2007) . These studies indicate the necessity for developing strategies for improvement of corrosion resistance of Ni-Ti based alloys and prevention of Ni release from the alloy.
A variety of methods have been attempted to improve the mechanical properties of SMAs by producing fi nergrained Ni-Ti alloys. Rapid Solidifi cation (RS) is one such technique that enables the production of ribbon-shaped small-sized devices with improved ductility, transformation temperatures and hysteresis of Ni-Ti alloys (Santamarta 59 www.ecmjournal.org S Tomić et al. Response of dendritic cells to Ni-Ti ribbons et al., 2004) . Earlier, our group described how the wheel speed (solidifi cation rate) infl uences the microstructure and enhances the shape memory characteristics of Ni-Ti ribbons (Mehrabi et al., 2009) . Many properties of melt-spun Ni-Ti ribbons, including their microstructures, depend strongly on the processing parameters (Kramer et al., 2007) , so the characterisation of the material and its biocompatibility are needed for each new set of parameters.
In our latest study we showed that Ni-Ti RS ribbons were not cytotoxic for human peripheral blood mononuclear cells after 48 h exposure in culture. However, we found that the cells of some donors responded to Ni-Ti RS ribbons by increasing the production of IL-10, whereas no initiation of the production of pro-infl ammatory cytokines was observed. Since IL-10 is a very important cytokine for self-limiting Th1 cell-mediated immunopathology in conditions of strong infl ammatory stimuli (Saraiva and O'Garra, 2010) , these exciting fi ndings suggest that Ni-Ti RS ribbons may possess tolerogenic properties intrinsically, which could launch their wide clinical application quickly. The functional response of peripheral blood mononuclear cells (PB-MNCs) in our culture model depends strongly on accessory, antigen-presenting cells (APCs), among which dendritic cells (DCs) play a key role. So we hypothesise that DCs are the primary target of the tolerogenic effect of RS Ni-Ti ribbons. DCs are the most potent APCs, orchestrating and fi ne-tuning the whole immune response depending on the environmental stimuli (Banchereau et al., 2000) , including biomaterials (Rogers and Babensee, 2011) . In steady state conditions, DCs are in an immature or semi-mature state and possess profound tolerogenic properties, which enable them to induce and support peripheral tolerance to self antigens (Steinman et al., 2003) . However, upon encountering dangerous signals, such as damage-or pathogens-associated molecular patterns, including lipopolysaccharide (LPS) (Sallusto and Lanzavecchia, 1994) , and pro-infl ammatory cytokines (Bender et al., 1996) , DCs mature by expressing high levels of Major Histocompatibility Complex (MHC) (Inaba et al., 2000) , co-stimulatory molecules (Inaba et al., 1994) and CD83, a marker of DCs maturation (Tze et al., 2011) . Simultaneously, DCs migrate to the peripheral lymph nodes, activate naïve T cells (Steinman et al., 1993) and direct their differentiation towards T helper (Th)1, Th2 (Constant and Bottomly, 1997) , Th17 (McGeachy and Cua, 2008) , or T regulatory (Vignali et al., 2008) subsets. The differentiation of Th cells into these subsets is mediated by specifi c cytokines produced by DCs such as IL-12 (Trinchieri, 2003) , IL-23, IL-27 (Hunter, 2005) and IL-10 (Steinman et al., 2003) , as well as co-stimulatory molecules (Banchereau et al., 2000) , all of which leads to an appropriate immune response. The importance of Th17 cells has just recently been recognised in clearing pathogens during host defence reactions, but also in inducing tissue infl ammation in autoimmune diseases (McGeachy and Cua, 2008) .
The key mechanisms by which Ni induces allergic reactions include the sensitisation of a subset of skin DCs (Langerhans' cells) by Ni-protein complexes and activation of effectors and memory T cells (Moulon et al., 1995) .
Whether similar mechanisms are involved in the local immune response to Ni-Ti implants is unknown currently. Therefore, the aim of our study was to investigate the cytotoxicity of Ni-Ti RS ribbons using a model of human monocyte derived (Mo)DCs and the functional response of MoDCs to such SMA samples in terms of their phenotypic changes, cytokines production, allostimulatory and Th polarisation capacity under normal and infl ammatory conditions. These biological effects were correlated with the surface composition and microstructure of RS Ni-Ti ribbons, including characterisation of the oxide layer, and changes occurred at the alloy surface after conditioning of the ribbons in cell culture medium.
Materials and Methods
Preparation of Ni-Ti RS ribbons and control Ni-Ti plates In our previous paper we described in detail the preparation of RS SMAs ribbons including Ni-Ti RS ribbons . Briefl y, Ni-Ti (with 50.3 % Ti) ingots were prepared by the vacuum arc-melting technique on a water-cooled copper hearth in a reduced Ar atmosphere. To ensure homogeneous bulk SMAs, arcmelting was repeated three times for each alloy. The meltspun ribbons were produced by re-melting bulk Ni-Ti and the process was undertaken in a 200 mbar He atmosphere in a quartz-glass crucible with a nozzle diameter of 0.9 mm. Because of melt stickiness problems, the crucible was coated internally with Y 2 O 3 in order to increase resistance of the crucible to aggressive chemical attack at high temperatures when handling the most highly-reactive molten materials, including Ti. By applying an Ar overpressure of 90 mbar within the crucible, the melt was ejected onto the surface of a polished Cu wheel (200 mm in diameter) having a circumferential wheel speed of 15 ms -1 . The distance between the nozzle and the wheel surface was 2 mm. NiTi RS ribbons were prepared as 5 mm x 5 mm x 0.1 mm plates and analysed by Scanning Electron Microscopy (SEM)/ Energy Dispersive X-ray (EDX) (Sirion 400 NC, FEI, Hillsboro, OR, USA) after cleaning in an ultrasonic bath (Fig. 1) .
Control Ni-Ti plates were prepared from the same Ni-Ti ingots as Ni-Ti RS ribbons after cutting the material into plates 5 mm x 5 mm x 1 mm using electro-erosion. After that, SEM/EDX analysis was performed and revealed the rough surface of the plates, which was contaminated with elements such as Cu, Zn and C. Therefore, the native bulk Ni-Ti samples were ground on Silicon Carbide paper from 80 to a fi nal mesh size of 4,000 and then polished with 3 μm and 1 μm C-suspensions. SEM/ EDX analysis was performed after cleaning the polished samples in an ultrasonic bath (Fig. 1) . Since the analysis showed no detectable contaminants, these plates were used as control Ni-Ti plates in the cytotoxicity tests.
Microstructure analysis of the surface of Ni-Ti RS ribbons
The surface of Ni-Ti RS ribbons was analysed before and after the conditioning in cell culture media for 2 S Tomić et al.
Response of dendritic cells to Ni-Ti ribbons days. SEM, Auger-Electron Spectroscopy (AES) and X-ray Photoelectron Spectrometry (XPS) were used to characterise the surface of Ni-Ti RS ribbons by using VG-Scientifi c Microlab 310F SEM/AES/XPS. A primary electron beam was at a current of 10 nA and kinetic energy of 10 keV, giving a resolution of 10 nm. For XPS and AES analysis, the samples were cleaned with Ar + ions (E = 2 keV, r = 12 mAc m -2 , Q = 47) to remove surface contaminants. For all XPS measurements Mg Kα radiation at 1486.6 eV with anode voltage × emission current = 12.5 kV × 16 mA = 200 W power was used. The XPS analysis was performed after the sample was sputtered with Ar + 3 keV for 5 min. For AES depth profi les, the samples were sputtered with a 3 keV Ar + sputter rate of about 1.2 nm/min and the analysis was performed before the fi rst sputtering and after each sputter cycle. The sputtering rate was estimated based on the average sputtering rate calculated from a SiO 2 reference under similar conditions (Shabalovskaya and Anderegg, 1995) .
Preparation of Ni-Ti samples for biocompatibility and conditioning studies
Ni-Ti RS ribbons and control Ni-Ti plates were used for the biocompatibility and conditioning studies. In conditioning experiments we also used pure Ni and Ti plates as positive controls, to evaluate the leaching of Ti and Ni ions. These plates were of the same size as the control Ni-Ti plates.
All the metal/alloy samples were washed in distilled water and cleaned with an ultrasonic apparatus (5 x 3 min in distilled water). After that, the samples were air dried for 1 h and then disinfected in 96 % alcohol for 5 min. After drying, the ribbons and plates were placed in 24-well plates (6-plicates of each sample) (Costar Sigma, Munich, Germany) containing cell culture medium. The culture medium was complete RPMI 1640 medium (Sigma, Munich, Germany) supplemented with 2 mM L-glutamine, 20 μg/mL gentamicin, 100 U/mL penicillin, 100 mg/mL streptomycin (ICN, Costa Mesa, CA, USA), 50 μmol 2-mercaptoethanol (2-ME) (Sigma), 10 % heat inactivated foetal calf serum (FCS; PAA Laboratories Vienna, Austria) (Fischer, 1975; Bannai, 1992) . The metal/ alloy samples were incubated (conditioned) in the medium for 2 days following the ISO recommendations for the biocompatibility testing of medical and dental materials (International Standards Organisation, 2009 ). The samples' surface area exposure to the medium was 2 cm 2 ml -1 . The control conditioning medium without the metallic samples was used as a blank control.
After conditioning, media were collected, centrifuged and used for the determination of metal ion release by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). Triplicate absorbance readings per element were recorded for each sample.
Preparation of cell cultures
MoDCs were generated from PB-MNCs, as described previously (Colic et al., 2003) . Briefl y, PB-MNCs were obtained from the buffy coats of healthy volunteers upon obtaining a signed informed consent. The cells were isolated by density-gradient centrifugation (Lymphoprep, PAA) and then resuspended in culture medium to allow their adherence to 6-well plates at 37 °C. After that, the non-adherent cells were removed and the adherent cells, predominantly monocytes, were cultivated in 2 mL of DC differentiation medium for 5 days. The culture medium for the generation of human MoDCs consisted of the complete RPMI medium supplemented with 100 ng/mL of the human recombinant granulocyte macrophage colony stimulating factor (GM-CSF, Leucomax, Basel, Switzerland) and 20 ng/mL of the human recombinant IL-4 (Roche Diagnostics, Fig. 1 . SEM/EDX analysis of Ni-Ti samples. Ni-Ti samples were prepared as described in Materials and Methods. Representative EDX analyses of each Ni-Ti sample are shown below the images. The numbers on the EDX spectra represent mean weight (w) % ± SD obtained by the EDX analyses taken from 8 areas 50 x 50 μm 2 in size. The two detected intermetallic phases on the control Ni-Ti plates were identifi ed using spot EDX analysis (values are given as mean w% ± SD, n = 9).
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Mannheim, Germany). On day 5, immature MoDCs were transferred to 24 well-plates (1 x 10 5 cells/well/mL of medium) which already contained pre-sterilised Ni-Ti RS ribbons or control Ni-Ti plates at the size/volume ratio as indicated above. Control cultures included the cultivation of MoDCs on plastic, polystyrene cover slips 8 mm in diameter. MoDCs were then cultivated for 2 or 5 days in an incubator with 5 % CO 2 . In the MoDC maturation experiments LPS (Sigma), at a concentration of 0.5 μg/mL, was added to the control and Ni-Ti RS ribbons-containing MoDC cultures, following the cultivation of the cells for 2 days.
Cytotoxicity study
After the two-day or fi ve-day cultures, the viability of MoDCs was determined with a 1 % solution of Trypan blue. Non-viable cells, stained with Trypan blue, were determined by light microscopy and the percentage of viable cells was determined from the total cell count. The comparable results were obtained additionally by staining the cells with propidium iodide (PI) (10 μg/mL; Sigma). The percentage of stained, necrotic cells was determined by using a fl ow cytometer (EPICS XL-MCL; Coulter, Krefeld, Germany). Apoptosis was determined by staining the cells with PI (10 μg/mL dissolved in a permeabilisation buffer -hypotonic citric acid + Triton X-100 buffer), as described above. After 6 h incubation at room temperature in the dark, the cells were analysed and those with hypodiploid nuclei (sub-G 0 ) were considered apoptotic cells. The experiments were repeated four times and each was carried out in sixplicates. 
Scanning electron microscopy analysis of MoDCs
After the culture the medium was removed and the samples of immature or LPS-matured MoDCs cultivated on plastic cover slips, Ni-Ti RS ribbons or control Ni-Ti plates were fi xed overnight at + 4 °C in a 2 % glutaraldehyde/Millonig buffer. The samples were then washed 3 times in Millonig buffer, for 10 min each time, and post-fi xed in 1 % osmiumtetroxide in distilled water for 1 h. All these chemicals were obtained from Sigma. The samples were then washed three times in water and dehydrated in an increasing series of ethanol (30 % -100 %) solutions, for 5 min each time. After that, the samples were critical point dried and placed on carbon adhesive tape on aluminium sample holders. Gold sputtering was performed (JFS-1100E) at 10 mA for 4 min and the samples were analysed on an SEM JSM5300 (Jeol, Tokyo, Japan) at 10-30 kV primary beam.
Flow cytometry
After two days of cultivation of MoDCs with Ni-Ti RS ribbons, the expression of key surface markers of immature and LPS-treated MoDCs was evaluated by fl ow cytometry. The following monoclonal antibodies (mAbs) were used: CD86-phycoerithryne (PE), anti-HLA-DR-PE, mouse IgG1a negative control -fl uorescein isocyanate (FITC) and mouse IgG1a negative control -PE (all from Serotec, Oxford, UK); anti-CD40-FITC and anti-CD83-FITC (Imunotools, Friesoythe, Germany). The cells were collected and washed once in a phosphate buffer solution (PBS) containing 2 % FCS and 0.1 % sodium azide. The cells were then incubated with primary mAbs labelled directly for 1 h at 4 °C, using the concentrations recommended by the manufacturer. The cells were than washed by centrifugation and analysed by fl ow cytometry. The cells were gated according to the cellspecifi c forward scatter/ side scatter (FS/SS) parameters. Before each analysis, signal compensation was performed for each pair of mAbs used in double-staining procedures, and the specifi c fl uorescence was determined based on the single labelled controls.
Allogenic mixed leukocyte reaction
To assess the allostimulatory capacity of MoDCs cultivated with Ni-Ti RS ribbons, the cells were detached from the ribbons or control coverslips by pipetting. After that, MoDCs were washed in complete culture medium and used in the allogenic mixed leukocyte reactions (MLRs To determine the T helper (Th) cytokine profi les, CD4 + cells were cultivated as in the proliferation assay. After the MLR, PMA 20 ng/mL (Sigma) and ionomycin 500 ng/mL (Merck, Vienna, Austria) were added to the co-cultures for the last 18 h to enhance the release of cytokines, after which supernatants were collected and frozen at -40 °C until the analysis. The levels of cytokines were determined in those co-cultures where the MoDC/CD4 + T cell ratio was 1:40. Additional controls were those as described above.
Detection of cytokines
The levels of IL-10, IL-12, IL-23 and IL-27 were determined in cell-free supernatants of MoDCs cultures using sandwich ELISA kits (R&D Systems), following the manufacturer's instructions. Levels of IL-1β, Interferon (IFN)-γ, IL-4, IL-6, IL-8, IL-10, TNF-α and TNF-β were determined in CD4 + T /MoDCs co-culture supernatants using multiplex immunobead assay and fl ow cytometry (Flow Cytomix Human Th1/Th2 11plex Kit, Bender S Tomić et al.
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MedSystems, Vienna, Austria). The levels of IL-17 and transforming growth factor (TGF)-β in these co-culture supernatants were determined by sandwich ELISA kits (R&D Systems).
Statistical analysis
The results are presented as the mean ± standard deviation (SD) of four independent experiments, if not indicated otherwise. The Wilcoxon matched pairs test (non-parametric test) was used to evaluate the differences between the experimental (Ni-Ti RS ribbons) and corresponding control samples (Control). In cytotoxicity experiments, the three experimental groups (Control, Ni-Ti RS ribbons and Ni-Ti plates) were compared using the Kruskal-Wallis test with Dunnett post-test. Statistical analysis of the differences obtained in the proliferation assays were performed using one-way ANOVA with a Dunnett post-test, because the data within each experiment followed the Gaussian distribution according to the Kolmogorov-Smirov test (with DallalWilkinson-Lillefor P value). Values at p < 0.05 or less were considered signifi cant statistically. All statistical analysis was performed in GraphPad (La Jolla, CA, USA) Prism 5 software.
Results

Cytotoxicity of Ni-Ti RS ribbons and control bulk Ni-Ti plates on MoDCs
In our previous paper we evaluated the cytotoxicity and immunomodulatory properties of Ni-Ti RS ribbons using human PB-MNCs. The effects of Ni-Ti RS ribbons were studied in comparison with control Ni-Ti plates which were shown to be highly cytotoxic for PB-MNCs . To investigate further the mechanisms of the immunomodulatory properties of Ni-Ti RS ribbons, we fi rst tested whether MoDCs respond to the Ni-Ti materials in a similar manner. As shown in Fig. 2 , the number of MoDCs, their viability and the percentages of apoptotic and necrotic cells in cultures with Ni-Ti RS ribbons, at both 2 day and 5 day cultures, was similar to that of control samples cultivated on plastic cover slips, confi rming that Ni-Ti RS ribbons were not cytotoxic for MoDCs. In contrast, Ni-Ti control plates showed relatively high cytotoxicity, as judged by a signifi cantly lower number of MoDCs after the cultures due to reduced viability of the cells by more than 60 % (2 days) and 85 % (5 days). Both types of cell death (necrosis and apoptosis) were involved in such an effect of control Ni-Ti plates. The proportion of Pi + (necrotic) cells and Pi + / Annexin-V + (late apoptotic, secondary necrotic) cells were higher than Annexin-V + (early apoptotic) cells, especially after 5 days of cultivation.
To check how these effects of Ni-Ti alloys correlated with their corrosion behaviour, ICP-AES analysis was performed to determine the amount of released Ni and Ti ions after conditioning of the samples in cell-free culture medium for 48 h ( Table 1) . As positive controls we also used pure Ni or Ti plates with corresponding surface per volume size. As expected, Ti ions have not been released signifi cantly into the culture medium from a single tested sample. On the other hand, a signifi cant release of Ni ions (118.93 mg/L) was detected in the conditioning medium of control Ni-Ti plates. The release of Ni ions was more than 50 % lower than the release from the pure Ni plates (281.92 mg/L). In contrast, the concentrations of Ni ions in the conditioning medium of Ni-Ti RS ribbons was very close (0.02 mg/L) to the amount of Ni ions in the cell-free culture medium (0.01 mg/L). The corrosion properties of Ni-Ti samples were not modulated signifi cantly in the presence of MoDCs (data not shown).
SEM analysis of MoDCs cultivated on Ni-Ti samples
Morphological changes induced by the Ni-Ti samples were assessed by SEM analysis (Fig. 3) . The surface characteristics of MoDCs were compared with those cultivated on control, plastic cover slips. The typical morphology of adherent immature MoDCs was found on plastic cover slips after 48 h, including spindle-shaped morphology and the presence of microvilli. However, MoDCs cultivated on the Ni-Ti RS ribbons expressed more microvilli and veils were more prominent, suggesting that such cells are activated after contact with Ni-Ti RS ribbons. To confi rm this hypothesis, immature MoDCs were grown on coverslips and activated with LPS for 2 days. As shown in Fig. 3 , LPS-activated MoDCs also showed more prominent veils and microvilli compared to the control MoDCs, but the processes were more elongated compared to MoDCs cultivated on Ni-Ti RS ribbons. In contrast, the cells cultivated on Ni-Ti control plates possessed the characteristics of dead cells, mostly necrotic with the rounded shape and net-like morphology of the membrane.
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Phenotypical changes of MoDCs induced by Ni-Ti RS ribbons
Activation of MoDCs observed by SEM at the Ni-Ti RS ribbons interface suggested that the cell-alloy interactions change the phenotypic properties of MoDCs. To confi rm this hypothesis we analysed the expression of HLA-DR, CD86, CD83 and CD40. The results presented in Fig. 4 confi rmed the immature phenotype of control MoDCs. The cultivation of MoDCs with Ni-Ti RS ribbons for 2 days showed up-regulation of all markers, indicating that Ni-Ti RS ribbons started to induce the maturation of MoDCs. Due to signifi cant cytotoxicity, the MoDCs cultivated on control Ni-Ti plates were not used for the later experiments.
Functional properties of MoDCs cultivated with NiTi RS ribbons
Functional capabilities of MoDCs were assessed on the basis of their cytokine production, allostimulatory and Th polarisation properties. In supernatants of MoDCs cultures the levels of IL-10, IL-12, IL-23 and IL-27 were measured ( Fig. 5a ). We showed that Ni-Ti RS ribbons stimulated the production of IL-10 and IL-27 compared to control cultures without the ribbons. On the other hand, the production of IL-12 and IL-23 were not modifi ed signifi cantly. The functional effects of MoDCs, previously cultivated for 2 days alone or in the presence of Ni-Ti RS ribbons, were tested in allogenic MLR using purifi ed CD4 + T cells as responders. As shown in Fig. 5b , MoDCs cultivated with Ni-Ti RS ribbons had similar allostimulatory capacity as the control cells cultivated alone, in spite of the modifi ed phenotype and changes in cytokine expression (see also Fig. 8) .
However, when the levels of cytokines in supernatants of MoDC/CD4 co-cultures were analysed, different results were obtained (Fig. 5c ). The level of TGF-β, IL-10 and IL-6 was signifi cantly higher while the level of IL-8 and IL-17 was signifi cantly lower in co-cultures with MoDCs experienced by Ni-Ti ribbons in comparison with co-cultures 
Phenotypical and functional changes of LPS-treated MoDCs induced by Ni-Ti RS ribbons
The immunostimulatory effect of MoDCs can be achieved upon their maturation. To investigate how Ni-Ti RS ribbons modulate the immunogenic properties of MoDCs we used LPS as a DCs maturation stimulus. At fi rst, the expression of HLA-DR, CD86, CD83 and CD40 molecules were tracked after two days of cultivating MoDCs in the presence of LPS or a combination of LPS and Ni-Ti RS ribbons (Fig. 6 ). As expected, LPS led to phenotypic maturation of MoDCs, as judged by the strong up-regulation of all tested markers. We found that Ni-Ti RS ribbons lowered slightly the expression of HLA-DR, but increased the expression of CD40 and CD86 co-stimulatory molecules on MoDCs compared to LPS-treated, control MoDCs.
By analysing cell-free culture supernatants we found, unexpectedly, that Ni-Ti RS ribbons enhanced the production of IL-12 by MoDCs in the presence of LPS. Simultaneously, the ribbons lowered the production of IL-23 (Fig. 7a) . Additionally, we found a higher proliferation rate of allogenic CD4 + T cells in co-culture with Ni-Ti ribbons-treated MoDCs at 1:40 MoDC/CD4 + T cell ratio, compared to LPS-treated control MoDCs (Fig. 7b, Fig. 8 ).
The analysis of cytokines from co-culture supernatants revealed the most intriguing results (Fig. 7c) . MoDCs cultivated in the presence of a combination of LPS and Ni-Ti RS ribbons possessed a pronounced Th1 polarising capacity compared to LPS-treated control MoDCs, as judged by the higher production of IFN-γ, IL-6 and IL-8. In contrast, the levels of IL-17 and IL-10 were signifi cantly lower. The levels of IL-4 were also lower in the co-cultures, but the differences were not statistically signifi cant.
Surface microstructure and depth profi les of Ni-Ti RS ribbons
The changes of MoDCs morphology, phenotype and function occurring at the contact with Ni-Ti RS ribbons motivated us to analyse the surface microstructure and depth profiles of Ni-Ti RS ribbons before and after cultivation of the ribbons in cell-culture medium in order www.ecmjournal.org S Tomić et al.
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to understand better the possible mechanisms involved in the processes. Therefore, the aim of this study was to investigate thoroughly the surface of Ni-Ti RS ribbons by using SEM, Auger spectroscopy and XPS analysis. Fig. 9a shows the SEM micrograph of the Ni-Ti RS ribbons surface. The micrograph depicts a relatively smooth surface of the ribbons usually found in most places analysed, although some irregularly appearing embossments could be observed in some places as well. XPS survey spectra analysis on the Ni-Ti RS ribbons' surface was performed after 5 min of sputtering with Ar + ions at 3 keV to remove surface contaminations. The spectra revealed the presence of Ni, Ti, O and C as dominant elements (Fig. 9b) . We found that the surface of Ni-Ti RS ribbons is covered by a continuously dense Ti-oxide fi lm, while C and O were still present on the surface, probably as contaminations. Ni and Ti were also found in an intermetallic state at the concentration of 3.2 at% and 1.6 at%, respectively. High resolution XPS spectra analysis was taken to investigate the Ti and Ni binding energies. The Ti 2p XPS spectrum (Fig. 9c ) looked complex and was fi tted best with three curves. Two of the fi tting curves possess peaks with binding energies at 458.7 ±0.4 eV and 463.9 ±0.5 eV corresponding to Ti 4+ (TiO 2 ) 2p 3/2 and Ti 4+ (TiO 2 ) 2p 1/2, respectively. The third fi tted curve, with a peak at 454.7 ±0.4 eV, corresponds to Ti in an intermetallic state (Ti NiTi ) 2p 1/2 . High resolution XPS spectra of Ni 2p (Fig. 9d) showed two peaks with binding energies at 853.8 ±0.3 eV and 870.5 ±0.4 eV associated with Ni Ni-Ti 2p 3/2 and 2p 1/2 in the intermetallic state. It should be pointed out that no Ni-oxide peak (~857eV) could be detected on Ni-Ti RS ribbons in our experiments. A small satellite structure, separated from the main peaks by about 7 eV was also present. A similar structure was detected on XPS spectra of Ni-Ti alloys (Chu et al., 2009) .
AES depth profi les were performed to determine the thickness of the surface oxide layer on Ni-Ti RS ribbons. No Ar + sputtering was performed prior to analysis of the non-conditioned sample, so the concentration of Ni on the surface of the ribbons was much lower and concentration of O much higher compared to those obtained by XPS analysis (Fig. 10a) . The oxygen depth profi le shows a peak close to the top surface, whereas Ni and Ti profi les show minimal concentrations. Afterwards, the concentration of O decreased and Ni and Ti concentrations increased to a steady state value after 30 min of sputtering (Fig. 10b) . If the oxide thickness is estimated by taking the depth where the O signal drops to 50 % of the maximum value, the thickness of the Ti-oxide fi lm on Ni-Ti RS ribbons was around 12 nm. In addition, AES spot analysis showed no signifi cant differences in the chemical compositions between the embossments and the smooth surface layer, suggesting that a relatively uniform layer is placed on top of the Ni-Ti RS ribbons (Fig. 10a) .
After 2 days of conditioning the Ni-Ti RS ribbons in the complete culture medium the AES depth analysis was repeated and we found very interesting results. The surface concentrations of O, Ti and Ni were much lower, and the concentration of C was much higher than before conditioning. Furthermore, many places analysed had no detectable level of Ni (Fig. 10c represents an example) . However, the presence of new elements on the surface was detected, such as P, Cl and, intriguingly, Zn. Each of the detected elements returned to the basic level obtained before conditioning after 7.5 min of sputtering (Fig. 10d) . The estimated thickness of the oxygen layer, calculating from the depth with the maximal O concentration, was around 15 nm.
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Discussion
Biocompatibility of Ni-Ti RS ribbons and their infl uence on the morphology and phenotype of MoDCs We continued the biocompatibility assessment of Ni-Ti RS ribbons on MoDCs in cultures following the earlier paper on human PB-MNCs . Up to now, the biological effects of Ni-Ti SMAs were studied on various animal and human cells (Shabalovskaya, 2002; Es-Souni and Fischer-Brandies, 2005) , but never on DCs. We confi rmed that Ni-Ti RS ribbons were not cytotoxic for MoDCs, in contrast to highly cytotoxic control Ni-Ti plates, which induced both apoptosis and necrosis. A possible cause for such adverse effects of the plates could be released Ni ions in the MoDCs culture medium or free Ni on the surface of the plates. Ni can cause the formation of oxygen radicals, DNA damage and the inactivation of tumour www.ecmjournal.org
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suppressor genes (Klein et al., 1991) . Recent works utilising microarray analysis indicated that Ni ions can up-regulate a range of candidate genes controlling cell differentiation, death, cholesterol metabolism and apoptosis (Lu et al., 2009) . Apoptosis and necrosis are considered functionally and morphologically distinct forms of cell death, which is highly dependent on the energy metabolism of the cell. It was shown that cells triggered to undergo apoptosis will die by necrosis when the ATP level is low (Leist et al., 1997) . Based on these results it can be postulated that the released Ni ions from control Ni-Ti plates induced apoptosis as we demonstrated in this study; and by blocking the energy metabolism, causing the formation of oxygen radicals and DNA damage, induced necrosis as well. In line with this hypothesis, Lifeng et al. (Lifeng et al., 2011) showed recently that bare Ni-Ti alloys, characterised by a high surface concentration of Ni, increased the expression of pro-apoptotic genes, and down-regulated genes controlling anti-apoptosis, protein biosynthesis, energy metabolism and DNA repair. EDX analysis of Ni-Ti RS ribbons and control Ni-Ti plates revealed similar basic composition of the alloys. However, their surface microstructure was different and characterised by more pronounced intermetallic phases on control Ni-Ti plates. In addition, mechanical polishing used for preparation of Ni-Ti plates is a well known factor which affects both the surface microstructure and biocompatibility of Ni-Ti alloys (Shabalovskaya et al., 2008) . Therefore, Ni could not be the only factor causing the cytotoxicity. It is possible that other factors introduced by mechanical polishing of Ni-Ti plates (Shabalovskaya et al., 2008) , in contrast to non-polished Ni-Ti RS ribbons, could contribute to such an adverse effect.
Morphological and phenotypical changes of MoDCs cultivated on Ni-Ti alloys
Even though Ni-Ti RS ribbons were non-cytotoxic, we found a changed morphology in MoDCs cultivated on the ribbons, suggesting that the ribbons are not completely inert for MoDCs. It is known that, during maturation, DCs undergo many programmed morphological and phenotypical changes, including the formation of veils and dendrites (Fisher et al., 2008) involved in the establishment of appropriate DC-T cell interactions (Banchereau et al., 2000) . Therefore, the surface morphology of DCs cultivated on the ribbons, as revealed by SEM, resembled that of maturing DCs. These fi ndings are in accordance with the up-regulated expression of key DC markers, such as HLA-DR, co-stimulatory molecules (CD86 and CD40) and CD83, the most important DC maturation marker. Since 
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we showed that their expression was signifi cantly lower and dendrites were less elongated compared to mature MoDCs cultivated for 2 days with LSP, which is known to stimulate strong maturation of DCs, (Banchereau et al., 2000) , it can be postulated that Ni-Ti ribbons initiated a process of semi-maturation of MoDCs (Lutz and Schuler, 2002) . It is not easy to explain the mechanisms of these changes to MoDCs. Modulation of cell morphology depends on the reorganisation of actin fi laments (F-actin) and the process could be modulated by Ni ions. Gunaratman and Grant (Gunaratnam and Grant, 2004) showed that only high concentrations of Ni can cause direct alteration in F-actin, leading to membrane blebbing, condensation of F-actin and death by necrosis. These fi ndings are in accordance with our results regarding the morphology of MoDCs cultivated on control Ni-Ti plates. Accordingly, since Ni-Ti RS ribbons released an insignifi cant amount of Ni, the changes in the morphology of MoDCs are most probably not caused by the direct impact of Ni ions on the cytoskeleton, but as a consequence of programmed changes that occurred during maturation of the MoDCs.
Improvement of the tolerogenic properties of MoDCs by Ni-Ti RS ribbons
The most important functional capability of MoDCs cultivated on Ni-Ti RS ribbons was their potentiation of cytokine production with tolerogenic capability (IL-10 and TGF-β) by allogenic CD4 + T cells. The levels of these cytokines correlated with increased production of IL-10 and IL-27 by MoDCs cultivated with Ni-Ti RS ribbons. Most of the effects of IL-10 and IL-27 on the cytokine network might be explained in our culture model system (Fig. 11) . IL-27 is involved in the initiation of the Th1 response, inhibition of IL-17 and up-regulation of IL-10 production from T cells subsets, both in humans and mice (Yoshimura et al., 2006) . On the other hand, IL-10 was shown to enhance the differentiation of IL-10-secreting T regulatory cells (Treg), thus providing a positive regulatory loop for its own induction, suppression of T cell proliferation and down-regulation of infl ammation (Saraiva and O'Garra, 2010) . Our results are in line with these observations showing that IL-10-and IL-27-producing MoDCs stimulated the production of IL-10 and TGF-β, and inhibited strongly IL-17 and IL-8 production in MoDC/ CD4 + T cells' co-cultures. Such a tolerogenic cytokine environment could be a major reason for the observed lack of allostimulation of CD4+ T cells, even though MHC class II and costimulatory molecules were up-regulated by Ni-Ti RS ribbons. These results indicate that MoDCs experienced by Ni-Ti RS ribbons induce a tolerogenic environment after the contact with CD4 + T cells. However, we also found in co-cultures with MoDCs cultivated with Ni-Ti RS ribbons enhanced production of IL-6, a cytokine with both pro-infl ammatory and antiinfl ammatory properties (Kishimoto, 2010) . The source of this cytokine in the cultures could be Th2 cells, DCs or both (Kishimoto, 2010) . However, CD4 + T cells, particularly their Th2 subset was most probably the predominant source of IL-6. Other cytokines detected in the co-culture system could also originate from CD4 + T cells, because the number of MoDCs in the cultures was very low. Except for a very low level of IL-8 (up to 100 pg/mL), neither of the investigated cytokines were detected in the control supernatants with MoDCs cultivated alone (data not shown). The functional signifi cance of this phenomenon is not clear. However, since IL-6 was shown to have a crucial role in the wound healing process in a model of skin excisions on IL-6 -/-and wild type mice , the potentially benefi cial effects of this cytokine can be hypothesised upon implantation of Ni-Ti RS ribbons. The only paper describing the tolerogenic properties of SMAs, except for our previous one , was the fi nding of Lifeng et al. (Lifeng et al., 2011) who showed that biocompatible TiN-coated NiTi SMAs, in contrast to bare Ni-Ti SMAs, can induce the expression of IL-10 anti-infl ammatory pathways in HUVEC cells. However, except for the detected change in the expression of particular genes, no further immunological investigations were made to explain the possible implications of such fi ndings. Bearing in mind that the immature MoDCs in this experiment possess tolerogenic capability, one of the key properties of Ni-Ti RS ribbons was the enhancement of this tolerogenicity. Such a fi nding could have signifi cant clinical relevance in preserving and enhancement of tolerance to the implanted Ni-Ti SMA-based alloy and maintaining the peripheral tolerance to self antigens (Hu and Wan, 2011). However, more in vivo investigation of implanted Ni-Ti RS ribbons should be performed in order to confi rm such an effect.
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Modulation of MoDC functions by Ni-Ti RS ribbons under infl ammatory conditions
Upon encountering dangerous signals, such as pathogens, DCs mature and migrate to regional lymph nodes, where they activate antigen-specific T cells leading to an appropriate immune response (Banchereau et al., 2000) . Therefore, our next goal was to investigate whether Ni-Ti RS ribbons possess similar tolerogenic effects in the presence of LPS, a pathogen-associated molecular pattern with known adjuvant properties (Banchereau et al., 2000) . To understand the possible modifi cations induced by the addition of Ni-Ti RS ribbons, we should rationalise the effects of LPS alone. LPS ligates TLR-4 on DCs, activating both Myeloid Differentiation protein 88 (MyD88)-dependent and TIR domain-containing adaptor inducing IFN-beta (TRIF)-dependent pathways. The result is the activation of Nuclear Factor-kappa B (NF-κB), Activating Protein 1 (AP1), Interferon Responsive Factor (IRF)-3 and IRF-5 transcription factors which lead to increased expression of MHC and co-stimulatory molecules, pro-infl ammatory cytokines and interferonresponsive genes (Kawai and Akira, 2010) . As expected, LPS induced the strong maturation of MoDCs in our experiments, as judged by the high up-regulation of HLA-DR, CD40, CD86 and CD83 molecules. Furthermore, LPS-treated MoDCs increased strongly the production of IL-12, IL-23 and IL-27, compared to the control immature MoDCs. Consequently, we observed a pro-infl ammatory polarisation of CD4 + T cells in co-cultures, characterised by Th1 and Th17 cytokine responses (Cucak et al., 2009; McAleer et al., 2010) , as concluded by the higher production of IL-1β, IL-6, IL-17, TNF-β and IFN-γ.
The most interesting fi nding was that LPS-treated MoDCs that were experienced additionally by Ni-Ti RS ribbons possessed more pronounced Th1 polarising capacity compared to the LPS-treated control. Namely, we found increased IL-12 production, down-regulated IL-23 and unchanged IL-27 S Tomić et al.
Response of dendritic cells to Ni-Ti ribbons + T cells, which was followed by increased production of IL-10 and TGF-β. These cytokines promoted the development of additional Treg, thus increasing their own production. On the other hand, these cytokines are most probably involved in the suppression of pro-infl ammatory cytokines' production, such as IL-8 and IL-17, and the development of a Th1 subset. Inhibition of a Th17 subset could also be a direct effect of IL-27 produced by the imDCs. The increased production of IL-6 might have been the consequence of the inhibited differentiation of Th1 by Treg, a state that is known to promote Th2 development. LPS acting on TLR4 induced the maturation of DCs. The increased production of IL-12 by LPS-matured DCs (mDCs) in the presence of Ni-Ti ribbons most probably promoted the differentiation of the IFN-γ-producing Th1 subset in the co-culture. IFN-γ is known to stimulate Th1 development further by a positive feedback loop, and to inhibit the differentiation of other Th subsets, including Th2, Th17 and Treg subsets. Furthermore, down-regulation of IL-23 production by MoDCs lowered the supporting effect of this cytokine on the Th17 differentiation and IL-17 production. What remains a mystery, however, is the production of IL-6 in those co-cultures. The increased production of IL-6 could either be regulated specifi cally by a Th2 subset, or its source could be some other Th subset that is not suppressed by IFN-γ.
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production by these MoDCs. These cytokines belong to the IL-12 family, where IL-12 (p35/p40) was shown to stimulate IFN-γ production preferentially from T cells (Magram et al., 1996) , IL-23 (p19/p40) stimulates IL-17 (Aggarwal et al., 2003) , and IL-27 (p28/EBI3) stimulates IFN-γ and IL-10 production from T cells, while inhibiting IL-17 (Yoshimura et al., 2006) . In our study the increased IL-12 production correlated with IFN-γ production, whereas decreased production of IL-23 correlated with decreased production of IL-17 (Fig. 11) . IL-23 has a signifi cant role in the growth of Th17 cells and stabilisation of transcription factors (STAT3, RORγt, and RORα) that are crucial for Th17 development. Th17 cells were shown to produce IL-17, IL-17F and IL-22, thereby inducing a massive tissue reaction owing to the broad distribution of the IL-17 and IL-22 receptors (Korn et al., 2009) . In line with this, down-regulation of IL-17 production mediated by both immature and LPS-matured MoDCs could represent an important anti-infl ammatory mechanism that Ni-Ti RS ribbons could induce upon implantation. The IL-12/IFN-γ enriched environment most probably caused the lower production of Th2 and Treg cytokines in the co-cultures, since it was shown that IL-12 and IFN-γ through T-bet inhibit GATA-3-dependent differentiation and proliferation of Th2 cells (Kaiko et al., 2008) . Additionally, IFN-γ is shown to inhibit Extracellular Receptor Kinase (ERK)-and p38-dependent IL-10 production by macrophages and DCs, as well as TLR-induced IL-10 production, by antagonising the phosphatidylinositol-3-kinase -protein kinase B (PI3K-AKT) pathway (Hu et al., 2006) . Since the levels of IL-27 were not changed signifi cantly, it can be postulated that its effect on Th1/Th17 polarisation was lesser, compared to IL-12 and IL-23. The increased allostimulatory capacity of MoDCs observed at 1:40 MoDC/CD4 + T cell ratio could be a consequence of the more pronounced Th1 cytokine environment which led to down-regulation of antiproliferative cytokines, such as IL-10, as well as to increased expression of co-stimulatory molecules. As mentioned earlier, the increased IL-6 production, which was also detected in the co-cultures of MoDCs treated with Ni-Ti RS ribbons in the presence of LPS, could have benefi cial clinical effects in the wound healing process and angiogenesis (Kishimoto, 2010) . However, under infl ammatory conditions DCs in the close contacts with Ni-Ti implants can be activated additionally, leading to the development of unwanted immune or autoimmune responses. Therefore, these effects should be investigated in more detail in further experiments.
Surface microstructure of Ni-Ti RS ribbons
In our previous papers (Kneissl et al., 2006; Mehrabi et al., 2009) we described the process of Rapid Solidifi cation by melt spinning and its infl uence on the microstructure and improvement of the shape memory properties of Ni-Ti SMAs. Since the surface of an alloy is the predominant factor determining the outcome of any material-to-cell interaction (Shabalovskaya, 2002) , in this work we investigated for the fi rst time the surface of Ni-Ti RS ribbons aiming to understand its biological effects. We showed that the surface of Ni-Ti RS ribbons was relatively smooth with embossments appearing irregularly. Since AES spectroscopy showed no difference in chemical composition between the embossments and fl at surfaces, the embossments possibly lay beneath the surface layer and they most probably originate from the metastable solidifi cation process of the melt spinning technique (Anzel et al., 2009; Unterweger et al., 2005) .
We showed that the surface of Ni-Ti RS ribbons is covered by a thin, dense Ti-oxide film, composed predominantly of TiO 2 phase. However, the small amount of Ni and Ti in the intermetallic state present on their surface could affect the corrosion stability of the ribbons with the time. Therefore, possible additional coating procedures such as (Ti, O, N)/Ti (Sun et al., 2011) or TiN (Lifeng et al., 2011) coating, or oxidising procedures such as H 2 O 2 -oxidation (Sun and Wang, 2010) or anodisation (Chu et al., 2009) , as already applied for Ni-Ti alloys, should be considered. The presence of C on the surface of Ni-Ti RS ribbons may be attributed to the surface contamination by carbon containing molecules absorbed from the environment (Chu et al., 2009) . Knowing that Ni-oxide could be substituted easily with Cl -ions from an extracellular solution through the Ni-OH intermediary state (Williams and Williams, 1996) , it should be pointed out that no Ni-oxide was detected on Ni-Ti RS ribbons. The Ti-oxide thickness was estimated to be around 12 nm, which is in line with other reports showing that the Ti-oxide fi lm thicknesses range between 7 and 70 nm, depending on the treatment (Shabalovskaya, 1996) . However, the thickness of the Ti-oxide layer is not as important as the density and structure of the layer. In line with this, several papers suggest that a homogenous smooth thin oxide surface gives better corrosion protection than the thicker one encountered in native samples (Trepanier et al., 1998; Es-Souni and FischerBrandies, 2005) . Furthermore, the exposure of Ni-Ti SMAs to biological solutions was shown to infl uence signifi cantly their surface properties (Trepanier et al., 1998; Wever et al., 1998) . We found that the thickness of the oxygen layer after conditioning in a cell-free culture medium increased and the lower boundary of the oxygen layer was 10 nm deeper compared to a non-conditioned sample. In line with earlier fi ndings (Trepanier et al., 1998; Wever et al., 1998) , including our own with Cu-Al-Ni SMAs , we detected a small increase in the thickness of the oxygen layer in Ni-Ti RS ribbons, along with a 6 nm increase in the deposition layer. The presence of deposited P and Cl ions after conditioning was well expected, since RPMI medium contains high levels of these elements. However, since the basal RPMI medium does not contain Zn ions, we suppose that the adsorbed Zn originates most probably from FCS. Messer et al. (Messer et al., 1982) showed much earlier that the concentration of Zn in FCS is around 2.8 ppm. Since we found a much higher concentration of this ion on the surface of Ni-Ti RS ribbons, Zn could have been adsorbed from the culture medium onto the TiO 2 surface layer, through a process studied thoroughly by Hasany et al. (Hasany et al., 1991) . At pH7, Zn is predominantly in the form of Zn 2+ (99.33 %), which drives its adsorption onto the negatively charged TiO 2 layer. This fi nding is very interesting, since Zn can have various biological effects depending on its concentration (Rink and Haase, 2007) .
We found that Ti was not released into the culture medium from the samples, most probably owing to the fact S Tomić et al.
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that it oxidises easily, building a protective TiO 2 surface layer. In this context, improved biocompatibility due to this biologically inert oxide layer is one of the reasons for the wide biomedical application of Ti-based implants (Es-Souni and Fischer-Brandies, 2005) . Ni-Ti control plates released up to 120 mg/L of Ni, but this concentration was more than 50 % lower than the concentration of Ni ions released from the pure Ni plates. The most probable explanation for this observation is that Ti's tendency to react with O is much higher than Ni, which leads to the building of an insoluble TiO 2 surface layer acting as a barrier for further Ni release. On the other hand, the regular crystal lattice of Ni-Ti exhibits high atomic bonding forces with mixed covalent and metallic character, meaning that it is diffi cult for atoms to leave the bulk material easily (Es-Souni and Fischer-Brandies, 2005) . In contrast to Ni-Ti plates, NiTi RS ribbons showed insignifi cant Ni release in culture medium (20 μg/L). This level of Ni ions is much lower than the provisional WHO guideline value of daily intake of Ni by food (82-406 μg/L) and corresponds to the value for drinking water and for whole blood and plasma/serum content of Ni in healthy persons (5-25 μg/L) (Es-Souni and Fischer-Brandies, 2005) . Therefore, according to the microstructure analysis, it seems that the surface Ti-oxide layer structured by the melt-spinning is the most important factor that almost entirely prevents the Ni leakage from the surface of Ni-Ti RS ribbons.
Possible mechanisms of the immunomodulatory properties of Ni-Ti RS ribbons
We showed that MoDCs adhered to the surface of Ni-Ti RS ribbons, which could represent an important signal for maturation of MoDCs. Integrins were shown to play particularly important roles in responses to TiN-coated Ni-Ti SMAs (Lifeng et al., 2011) and other biomaterials (Rogers and Babensee, 2011) , so further investigations are needed to evaluate their roles in the immunomodulatory effects of the Ni-Ti RS ribbons. However, other factors could also be involved, such as Ti and Ni ions on the surface of NiTi RS ribbons. Ti ions, for example, were shown to alter signifi cantly MoDCs' properties, resulting in an enhanced T lymphocyte reactivity and deviation towards a Th1 type immune response (Chan et al., 2009) . Ni was shown to induce the phosphorylation of ERK, Jun N-terminal kinase (JNK), and p38, thus regulating the maturation and expression of CD83, CD86, CCR7 and IL-12 production by DCs (Aiba et al., 2003) . Recently, an interesting study showed that Ni ions down-regulate strongly tripartite motif containing (Trim) 23 gene expression (Lu et al., 2009) , a regulator of the NF-κB essential modulator (NEMO) (McNab et al., 2011) , which could be an important mechanism for the tolerogenic behaviour in Ni-Ti SMAs. Even though the conditioned medium contained hardly detectable amounts of these elements, Ti and Ni ions were detected on the surface of Ni-Ti RS ribbons, even after conditioning. It is possible that the local concentration of available Ni and Ti ions at the place of close contact between MoDCs and Ni-Ti RS ribbons is higher than the one detected in the conditioned medium, leading to the observed immunomodulatory effects on MoDCs.
The most intriguing finding in our study was the presence of Zn ions after conditioning in complete culture medium after 2 days. Zn ions are proved as important signalling molecules in immune cells, particularly DCs in response to LPS (Rink and Haase, 2007) . LPS regulate a differential expression of several Zn transporters (Ho et al., 2004) and Kitamura et al. (Kitamura et al., 2006) showed that the modulating Zn homeostasis has a profound impact on DCs, whereby available Zn diminishes DC activation. Zn acts on the level of phosphodiesterase (PDE) activity (von Bulow et al., 2005) and IL-1 receptor-associated kinaze (IRAK) phosphorylation (Wellinghausen et al., 1997) , resulting in a decreased nuclear factor (NF)-κB activation and LPS-induced secretion of pro-infl ammatory cytokines (Zhou et al., 2004) . Because the LPS-stimulated up-regulation of MHC is known to be blocked by cyclic adenosine monophosphate (cAMP) (Kambayashi et al., 2001) , a Zn-mediated rise in cyclic nucleotides could be the mechanism by which this metal down-regulated MHC expression in our experiments. In either case, the mechanisms for the observed effects of Ni-Ti RS ribbons probably include complex synergistic effects of the surface's microstructure and Ni, Ti and Zn ions in a dynamic cell culture condition. However, this hypothesis needs to be tested further.
Conclusion
In this study we showed that the melt-spinning technique can be a new approach for the production of Ni-Ti SMAs, which further form a thin homogenous TiO 2 surface layer that improves signifi cantly the biocompatibility of Ni-Ti ribbons. However, we showed that the ribbons enhanced the tolerogenic properties of immature MoDCs in vitro by stimulating IL-10 and TGF-β production by CD4 + T cells. In the presence of LPS, on the other hand, Ni-Ti RS ribbons enhance the Th1 polarising capacity of MoDCs, while inhibiting Th17 and Th2 differentiation. Based on these fi ndings, we conclude that Ni-Ti RS ribbons, used for example as stents to threat occlusive vascular diseases, could potentially induce desired tolerogenic effects upon implantation. However, in the case of infection or infl ammation, at least those mediated by LPS, care should be taken as to whether Ni-Ti RS ribbons will induce a desired or adverse effect. Namely, in conditions with the pathological Th17-or Th2-mediated infl ammation, the implantation of Ni-Ti RS ribbons could be benefi cial. On the other hand, in the Th1 dominant immunopathology, implanted Ni-Ti ribbons could aggravate the infl ammatory process. However, to prove this hypothesis, extensive in vivo studies on different animal models should be conducted, even though human and animal DCs differ in many aspects of their phenotype and functions.
Discussion with Reviewers
Reviewer II: What could be the possible clinical applications of Rapid Solidifi ed Ni-Ti Shape Memory Alloy, in relation to effects on dendritic cells and the immune system? Authors: Ni-Ti alloys have revolutionised the fi eld of metallic biomaterials since they improve signifi cantly the quality of diagnostics, treatments and surgeries (Li et al., 2010, additional reference) . Ni-Ti stents or stent/grafts are already in use for the treatment of vascular aneurysms or vascular occlusive diseases caused by atherosclerosis (Duerig et al., 2000, additional reference) . The treatment exploits the ability of Ni-Ti stents to recover their trained shape, thus allowing the expansion of stenotic blood vessels or bypassing the dilated vessel wall of an aneurysm. Studies involving coronary self-expanding stents in animals and humans (Kobayashi et al., 2001; Roguin et al., 1999, additional references) have concluded that Ni-Ti stents expand continuously after placement. The process is important for the prevention of restenosis. Thin Ni-Ti alloys were shown to fi t much better for such use, especially if the blood vessels are smaller in diameter (Chun et al., 2009, additional reference) . We think that Ni-Ti RS ribbons could meet the requirements for this type of stents.
The mechanisms involved in the development and progression of both aneurisms and atherosclerosis involve the immune system components, including Dendritic Cells (DC) (Sharma and Li, 2006; Jagadesham et al., 2008, additional references) . DCs in the atherosclerotic plaque and aneurismal wall originate from blood DCs precursors, including monocytes, which transform into vascular DCs upon their transmigration (Banchereau et al., 2000, text reference) . The immunology of these vascular diseases is complex and not well understood. Although contradictory results have been published regarding the role of Th subsets in the pathogenesis of atherosclerosis and aneurism development, it seems that the Th1 subset is more important for the progression of atherosclerosis, whereas the immunopathology of aneurism progression is mediated by Th2 cells (Libby et al., 2009; Schonbeck et al., 2002; Xiong et al., 2004, additional references) . In contrast, the role of Th17 cells is just starting to emerge. Recently, Madhur et al. (2010, additional reference) showed in a mouse model that IL-17 could promote atherosclerosis, but protect against aneurismal rupture.
A pro-tolerogenic environment could be benefi cial for both diseases and various therapies are aimed to improve such tolerogenicity. Therefore, the tolerogenic properties of Ni-Ti RS ribbons under physiological conditions could be benefi cial in preventing the disease progression. However, Another possible state-of-the-art application of Ni-Ti RS ribbons could be in a promising new fi eld of microactuators and micro-electro-mechanical systems. The thinner the SMA is, the smaller is the amount of thermal mass needed to heat or cool it, which means a lesser time for the response and the increased speed for a designed operation to occur. Besides the good mechanical properties of Ni-Ti RS ribbons required for such application, and which we have described recently (Mehabri et al, 2011, in the press), their tolerogenicity could be advantageous if the devices are designed for implantation.
Reviewer II: May the reduction of the nickel release from Ni-Ti RS ribbons and the enhancement of the tolerogenic properties of MoDC reduce the occurrence of sensitisation? Authors: Hapten-mediated contact sensitisation results from the binding of small molecules, in this case Ni ions, to larger proteins, thereby converting self-antigens to highly immunogenic 'foreign' peptides when presented in the context of MHC molecules by DCs (Roediger and Weninger, 2011, additional reference). Ni-protein complexes were shown to up-regulate the expression of CD83, co-stimulatory molecules (CD80, CD86 and CD40) and the chemokine receptor CCR7 (Arrighi et al., 2001 , additional reference). However, it was not known until recently why Ni-protein activates human DCs, but cannot induce mice DC sensitisation to nickel without an additional adjuvant (Artik et al., 1999, additional reference) . Schmidt et al. (2010, additional reference) showed recently that the human, but not mouse, Toll like receptor 4 (TLR4) can recognise Ni-protein complexes. However, it is not clear why only some individuals are prone to Ni-sensitisation. The serious adverse effects, including thrombosis, infl ammation and even sudden death (Das et al., 2008, text reference) in some patients with implanted Ni-Ti based alloy devices could be explained by their hypersensitivity to Ni. The decrease of Ni ion release from Ni-Ti SMAs may reduce the occurrence of Ni-Ti sensitisation. In this context, Ni-Ti RS ribbons showing negligible Ni release, together with the stimulation of tolerogenicity of DCs, could be desirable for implantation. However, it remains to be studied whether DCs from persons susceptible to Ni-Ti sensitisation respond to Ni-Ti RS ribbons in a similar manner.
Reviewer III: The authors mention in the discussion that the oxygen layer increase in thickness in the culture medium, did the authors look at the kinetics of this process? Will this continue with time or does this slow down resulting in passivation of the surface?
Authors: Prior to conditioning in cell culture medium, the thickness of the oxygen layer of Ni-Ti RS ribbons was estimated to be around 12 nm, mostly consisting of TiO 2 . After two days of the conditioning it increased to around 15 nm. These results are consistent with our previous fi nding on Cu-Al-Ni RS ribbons (Colic et al., 2010, text reference) showing that the conditioning of Cu-Al-Ni alloys in cell culture media can enhance their biocompatibility, reducing the release of potentially toxic ions due to thickening of the oxide layer. The studies performed by Kimura and Sohmura (1987, additional reference) and Trepanier et al. (1998, text reference) , concerning the growth of an oxide layer on NiTi alloys in physiological solutions, are also in line with our results.
The kinetics of the growth of the oxygen layer on Ni-Ti alloys depend greatly on the microstructure of the alloy, temperature and surrounding environment. The growth of the oxide layers follows a model of oxygen absorption on the Ni-Ti surface that reacts with outward diffusing Ti4 + to form TiO 2 (Trepanier et al., 2000, additional reference) . During the early stages of oxidation the growth of TiO 2 is the primary contributor to thickness and therefore the oxide formation is relatively rapid. However, the preferential oxidation of Ti creates a Ni-rich zone at the Ti-Ni/TiO 2 interface. The formation of the Ni 3 Ti layer increases the effective diffusion distance with an associated decrease in overall oxidation kinetics. Biological fl uids, on the other hand, are strong corrosive environments where Cl -ions can cause pitting corrosion on the surface of Ni-Ti implants (Pourbaix, 1984, additional reference) . The early process of corrosion takes place on the surface defects and on thin oxide layers, which leads to Ni release. The remaining Ti reacts with dissolved oxygen in the solution to form Tioxides around the pitting sites and pores leading to oxide layer growth and propagation over the entire surface of the Ni-Ti specimen. The thickness of the oxygen layer does not increase linearly with time, but it decreases as corrosion proceeds, indicating that the as-formed Ti oxide layer may impede further corrosion of the Ni-Ti SMAs in the NaCl solution (Hu et al., 2010, additional reference) .
However, to our knowledge, there is no direct evaluation of the kinetics of the Ti-oxygen layer growth in cell culture media and the process has not been evaluated in this study. Based on the published corrosion studies and the oxide layer growth on Ni-Ti alloys in NaCl solution we would expect lower kinetics of the oxygen growth on Ni-Ti RS ribbons due to the presence of serum proteins in the medium. At the same time, the proteins could protect the surface of the Ni-Ti RS ribbons from a direct attack by Cl -ions. Therefore, this problem deserves to be investigated thoroughly in further experiments.
Reviewer III: How well does the oxygen / oxide layer respond to loading, is it mechanically stable? Authors: This is probably the most important question needing to be addressed prior to the potential use of Ni-Ti RS ribbons as stents or other kinds of implants. In contrast to static conditions, where the protective TiO 2 layer prevents leaching of Ni ions, the cyclic deformation may result in failure of the protective oxide layer. Therefore, S Tomić et al. Response of dendritic cells to Ni-Ti ribbons it should be emphasised that the ceramic nature of TiO 2 contradicts both Ni-Ti superelasticity and the cyclic pulsation of blood vessels (Shabalovskaya et al., 2009, additional reference) . Oxide layers are brittle and crack under tensile stress. In addition, the thicker the layers, the higher the tendency for crack formation. The reason for this is because ceramic materials are held together by ionic and covalent bonds, which tend to fracture before any plastic deformation (Shabalovskaya et al., 2009, additional reference) . Several papers reported that pseudoelastic Ni-Ti SMA samples deformed 0.6-3 %, strain developed cracks in the relatively thick protective TiO 2 layer and exposed Nirich phases leading to increased Ni ion release (Undisz et al., 2009; Zhu et al., 2004, additional references) . On the other hand, as shown by Kimura and Sohmura (1987, additional reference) , a thin oxide layer is preferable to maintain the integrity of the surface layer to sustain the large deformation induced by the shape memory effect. Habijan et al. (2011, additional reference) recently showed that Ni-Ti with an electro-polished surface which contains a dense and several nm thick oxide layer, released a small amount of Ni (up to 25 ppm) either in static or in mechanical loading conditions, even after 7 days of the conditioning. This fi nding suggests that small mechanical strains have no additional effect of the Ni release. The authors suggested that since the Ti-oxide layer is very brittle, it is more likely that the self-healing processes reestablish the Ti-oxide layer in biological medium during the mechanical cycling. In line with this fi nding, one can expect similar behaviour of our Ni-Ti RS ribbons, since during conditioning the Ti-oxide layer was still thin.
Reviewer IV: I am not an expert in metallurgy, but as someone who uses these devices for primary cell cultures, I found this article to be very interesting. It enables one to understand the complicating immune responses and limitations of the current technology in developing alloy metals. However, for clinical applications, their safety in the complex body system should be proven by further in vivo experiments, because any procedure or operation itself for the implantation of new materials could be infl ammatory. Authors: In vitro cytocompatibility studies are a prerequisite for any material intended to be implanted in the body (Richards et al., 2001 , additional reference). However, cytocompatible materials which passed additional biocompatible studies in vivo could have some adverse chronic reactions, mostly related to the activation of the immune system. Our complex cytocompatibility and immunobiology studies on DCs, as key initiators and regulators of the immune response, suggest that cytocompatible Ni-Ti RS ribbons might have some benefi cial, but also may provoke some unwanted effects if applied as biomaterials. The using of Ni-Ti RS ribbons as potential stents to treat vascular occlusive diseases could be advantageous if the stents shift the immune response toward increased tolerogenicity. Usually, DCs or their precursors transmigrated from the blood through the vascular wall are in the immature state and posses tolerogenic properties (Galkina and Ley, 2009 , additional reference; Steinman et al., 2003, text reference) . Therefore, the contact of such DCs with Ni-Ti RS ribbons (used as stents) could make these cells even more tolerogenic. Even though Ni-Ti RS ribbons-experienced DCs subsequently encounter the pro-infl ammatory cytokines milieu within the atherosclerotic lesion, these cells could still retain their tolerogenic potential. Namely, it has been shown that additional factors in atherosclerotic lesion, such as oxidised phospholipids (a well known pro-atherogenic factor), prevent maturation and immunostimulatory capability of DCs (Bluml et al., 2005, additional reference) . On the other hand, during infection/infl ammation, Ni-Ti RS ribbons (used as any bioimplant) could activate local DCs leading to exacerbation and perpetuation of infl ammatory responses with possible negative consequences related to implant rejection. Therefore, to make an appropriate conclusion about the safety of Ni-Ti RS ribbons as bioimplants, a number of additional studies are necessary. The studies should at fi rst be designed on animals. In recent years, the development of inbred and transgenic strains of mice and rabbits has provided insights into the genetic and immunological basis of many diseases (Hoeg et al., 1996; Libby et al., 2011; Paigen et al., 1990, additional references) . However, atherosclerosis, including the development of aneurisms, as a disease treated with stents, is not a natural disease in rodents and has to be induced dietarily, or in some other way. Therefore, although animal experiments have proven indispensable to studies of the mechanisms of vascular diseases, many limitations have to be considered thoroughly. Due to the diffi cult access to coronary, carotid and cerebral arteries, which are most important clinical consequences of vascular occlusive diseases in humans, mice studies focus generally on the aorta and proximal great vessels. The structure and hydrodynamics of these smaller muscular arteries, and even the embryonic origin of their smooth muscle cells, differ markedly from the large elastic arteries usually analysed in mouse studies (Libby et al., 2011; Narayanaswamy et al., 2000, additional references) . In addition, the mouse immune system, although well understood and manipulated readily, diverges in many ways from that of humans. It is well known today that the subpopulations of resident and infl ammatory dendritic cells (DCs), as well as other components of the immune system in mice, differ from that of humans, particularly in their phenotype and function (Shortman and Liu, 2002; Libby et al., 2011, additional references) .
Therefore, except for the in vivo animal studies with implanted Ni-Ti RS ribbons, the comparative in vitro studies on mouse and human immune cells are necessary. Finally, if Ni-Ti RS ribbons fulfi l all the criteria necessary for implantation, then long-term clinical studies would be necessary to check the immunological consequences of the biomaterial.
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